A novel strengthening scheme for seismically-weak RC frames is proposed which utilizes external steel caging to improve flexural/shear strength of columns and aluminum shear-yielding damper (Al-SYD) to further enhance lateral strength, stiffness and overall energy dissipation capacity of the frame. This paper describes the effectiveness of this scheme as evidenced in an experimental study on a reduced scale (1:2.5) single-story, single-bay, gravityonly designed reinforced concrete (RC) frame. The strengthened frame was simultaneously subjected to gravity loads and reversed cyclic lateral displacements as per ACI-374 loading protocol. An innovative connection scheme was designed to transfer a portion of frame lateral load to the energy dissipation device (Al-SYD). Besides the significant increase in lateral strength and stiffness of the strengthened frame, RC frame members did not suffer any major damage during the entire test protocol. This indicates significant reduction in force demand on existing RC members because of enhanced energy dissipation through hysteretic shear yielding of aluminum panels. Moreover, the simple connection scheme proposed in this study proved very efficient in transferring the frame lateral load to strengthening elements. ͓DOI: 10.1193/1.3111173͔
INTRODUCTION
A reinforced concrete (RC) building must have adequate strength, stiffness, redundancy, and ductility to perform satisfactorily in a major earthquake. The behavior of conventional RC framed buildings subjected to seismic loading primarily depends on good detailing of its components in regions of expected plastic deformation. The nonductile framed buildings, generally constructed before the development of rigorous seismic design and detailing provisions, are often severely damaged or collapsed during strong earthquakes. As a consequence of general socio-economic development, there has been a growing interest in strengthening of such deficient buildings in recent times.
Seismic strengthening usually involves an increase in strength, stiffness, ductility, or combination of these parameters of frame members. Strengthening of deficient columns is one of the widely accepted techniques used to enhance the seismic performance of moment resisting RC frames (Endo et al. 1984) . Several conventional techniques of cola) Doctoral Scholar, Dept. of Civil Engineering, Indian Institute of Technology Kanpur, UP-208016, India. b) Associate Professor, Dept. of Civil Engineering, Indian Institute of Technology Kanpur, UP-208016, India. umn strengthening are available in the literature, such as concrete jacketing (Bett et al. 1988 , Rodriguez and Park 1994 , Abdullah and Takiguchi 2003 , steel jacketing (Sakino and Ishibashi 1985 , Chai et al. 1990 , Aboutaha et al. 1999 , and composite jacketing (Xiao and Ma 1997, Tastani and Pantazopoulu 2004) . Each strengthening technique has its own advantages and limitations depending on practicability, cost-effectiveness, minimal reduction in useable floor area, and effectiveness in enhancing the desired structural properties.
The increase in lateral strength and/or stiffness of existing frames beyond a certain limit may not be always feasible by column strengthening using conventional techniques. Passive energy dissipation devices can be successfully employed to enhance overall seismic performance of frames by minimizing the seismic demand imposed on deficient frame members. Different types of devices are available now-a-days using energy dissipation and damping characteristics due to metal hysteresis, friction, viscous fluid, and visco-elastic materials. These devices can be successfully integrated with the steel framed structures for enhanced seismic performance (Zhang and Soong 1992 , MartinezRueda and Elnashai 1995 , Soong and Dargush 1997 , Rai and Wallace 1998 . However, the most challenging part is to integrate such devices with the existing RC frames for effective utilization of their energy dissipation and damping potential. Hence, there is a need to develop an effective, fast, and practical upgrading scheme for deficient RC frames using energy dissipation devices.
In the present study, a novel seismic strengthening scheme as shown in Figure 1 is developed for the existing nonductile RC frames to reduce their primary deficiencies in lateral strength, stiffness, and energy dissipation potential. The deficient RC columns were strengthened by external steel cage to enhance their lateral strength and plastic rotational capacity, whereas Aluminum Shear-Yielding Damper (Al-SYD) was used as the supplemental energy dissipation device to increase the lateral stiffness of the system and to dissipate the seismic energy through hysteretic shear yielding of the Al-SYD. An in- novative connection scheme was also designed to integrate strengthening elements with the existing RC frame and to transfer a portion of frame lateral load to the energy dissipation system. This paper presents the details of strengthening scheme, the design of connections of strengthening elements with the existing RC members, and the performance of strengthened frame under combined action of gravity loads and reversed cyclic lateral displacements. The main objectives of this study are: (a) to evaluate the overall performance of strengthened frame, (b) to investigate the energy dissipating behavior of Al-SYD, and (c) to assess the effectiveness of the proposed connection scheme in successful integration of strengthening elements with the existing RC frame.
BACKGROUND
Two primary components of the proposed strengthening technique are the steel cage and the Al-SYD and their performance under cyclic lateral loads has been previously studied experimentally and analytically by various researchers. A brief description of the past research on these components is provided in the following sections.
STEEL CAGING OF RC COLUMNS
Steel caging technique, a variety of steel jacketing, is commonly used to strengthen/ retrofit of square/rectangular RC columns in various countries now-a-days (Li et al. 2005) . Steel cage consists of four longitudinal steel angle sections at corners of columns, which are interconnected by steel battens at few places along their length. The intermediate space between steel cage and RC column may be filled with cement or epoxy mortar and a cover of concrete or shotcrete reinforced with light welded fabric may be applied over the steel cage for protection against corrosion or fire. This technique is generally regarded as practical, fast, and cost-effective, which improves the seismic behavior of the whole structure by increasing the lateral strength and ductility of columns (Dritsos and Pilakoutas 1992) . Nagaprasad (2005) investigated the performance of steel cage strengthened rectangular RC columns under constant axial compressive load and gradually increasing reversed cyclic lateral load. The external steel cage consisted of four Indian Standard rolled equal-angle ISA 35ϫ 35ϫ 5 @ 25.5 N / m sections (BIS 1964) and mild steel batten plates of 6 mm thickness. Steel cage was sufficiently tightened to the RC column so that steel angles at corners were in close contact with concrete surface. However, the intermediate gap between steel cage and column surface was not filled with any kind of binder material. Steel cage was connected to the RC footing by means of a moment connection using base plates, stiffeners, and anchor bolts as shown in Figure 2a .
Full and stable hysteretic loops with strain hardening behavior as shown in Figure 2b were observed for each strengthened column. The significant improvement in lateral strength, stiffness, displacement ductility, plastic rotational capacity, and energy dissipation potential of the strengthened column was primarily due to the confinement of RC column section by external steel cage. Further, the premature buckling of angle sections was delayed by using wider battens in the expected plastic hinge region of steel cage. Based on experimental results, a theoretical confinement model was developed to deter-mine the confined compressive strength of column concrete using values of effective biaxial lateral stresses in the model proposed by Mander et al. (1988) for the confinement of concrete due to rectangular hoops.
ALUMINUM SHEAR-YIELDING DAMPER
Aluminum panels of soft alloys designed to yield in shear can be effectively used as supplemental energy dissipation devices, which can minimize the seismic demand on primary structural members Wallace 1998, 2000) . These I-shaped devices are formed by welding aluminum plates for flanges, web, and transverse stiffeners as shown in Figure 3a and annealed at a high temperature to relieve the stress induced during welding process prior to being used for energy dissipation. The device is so placed in a structure that under the action of lateral loads, its web plate undergoes large shear de- formation. Due to low-yield strength and excellent post-yield strain-hardening behavior of aluminum panels, significant energy is dissipated through full and stable hysteretic loops as shown in Figure 3b . Jain et al. (2008) conducted a series of tests on aluminum shear panels with varying web-to-thickness ratio, aspect ratio, slenderness ratio, alloy type, and number of panels subjected to cyclic shear load. Stable and full hysteretic loops without pinching was observed even up to shear strains of 20% indicating the excellent energy dissipation potential of these panels. It was concluded that the problem of inelastic shear buckling at operating shear strains could be delayed by increasing the number of transverse stiffeners along the length of shear panels. A relationship between buckling stress and slenderness ratio of aluminum shear panel was also developed to limit the inelastic web buckling at design shear strains.
EXPERIMENTAL INVESTIGATION PROTOTYPE STRUCTURE AND TEST SPECIMEN
A four-bay, five-story RC moment resisting frame with open-ground story and masonry-infilled upper stories was selected as a prototype structure. Story height at the ground floor and upper floors was 3.6 m, and 3.0 m, respectively. The width of each bay was 6.0 m at each floor level, and the RC frames were placed at center-to-center spacing of 6.0 m in transverse direction of the building. The service live loads on floors and roof were 3.0 kPa and 1.5 kPa, respectively, whereas the lateral wind pressure was considered as 1.5 kPa as per Indian Standard IS: 875 (BIS 1989) provisions. Various frame members were designed in accordance with Indian Standard IS: 456 (BIS 2000) provisions for gravity loads without considering the detailing requirements for seismic loading conditions. Nonductile RC specimen was chosen to be 1:2.5-scaled single-story and single-bay model representing an interior bay at bottom story of the prototype frame (Figure 1) . Table 1 summarizes the geometric properties and reinforcement detailing of the test specimen. RC columns of the test specimen were strengthened using steel cage consisting of four Indian Standard rolled equal-angle ISA 35ϫ 35ϫ 4 mm@ 20.6 N / m sections (BIS 1964) at corners. These angles were held together by mild steel batten plates at few places along the height of steel cage. The size of intermediate and end battens were chosen as 150 mmϫ 50 mmϫ 5 mm, and 150 mmϫ 150 mmϫ 12 mm, respectively. The larger plates used as end battens serve two functions, namely, (a) to reduce the possibility of premature local buckling of angle sections in the potential plastic hinge region, and (b) to facilitate the connection of braces to the RC footing at the bottom and of shear collector beam to the steel cage at the top.
Aluminum plates made of alloy-1100 of 6.5 mm thickness were used for flange plates, web plates, and transverse stiffeners of the Al-SYD as shown in Figure 4a . Width of flange plates and transverse stiffeners were 100 mm, whereas the length of web plate was 250 mm. Tungsten Inert Gas (TIG) welding was carried out at the interface of these plates to form a two-paneled Al-SYD of each square panel of size 125 mm. The Al-SYD was later annealed by heating to a high temperature ͑420°C͒ and cooled gradually at a rate of 30°C per hour. This annealing process relieved any residual stress induced in panels due to welding of plates.
A shear collector beam of Indian Standard I-section (ISMB 150@ 149.0 N / m) was placed between the existing RC beam and the Al-SYD (Figure 1 ). The main function of this collector beam is to transfer the frame lateral load to the Al-SYD, thereby, integrating the aluminum shear panels with the existing RC frame. The collector beam was connected to the steel cage by means of a simple connection using high-strength bolts. A small gap was left between the collector beam and the existing RC beam to accommodate possible bending deformation of the collector beam due to lateral load on the frame. The main advantage of this arrangement is that it does not require any intervention to the existing RC beam, such as chipping, drilling, etc., which may adversely affect its overall load carrying capacity.
The Al-SYD was connected to the collector beam at the top and to the T-hanger at the bottom using high strength bolts as shown in Figure 4b . The T-hanger was supported by two braces made of steel tubular sections of size 50 mmϫ 50 mmϫ 3 mm placed in an inverted-V (chevron) pattern. One end of braces was welded to web of the T-hanger and the other end was connected to the stiffener attached to the steel cage near RC footing. These braces were not designed to dissipate seismic energy; instead, these were intended to provide an unyielding support for the Al-SYD, so that it can undergo shear deformations due to lateral displacement of the test specimen.
MATERIAL PROPERTIES
Cement concrete of mix proportion 1.00(cement):1.62(sand):2.33(coarse aggregate) and of characteristic compressive strength as 25 MPa was used in RC frame members of the test specimen. The target cube compressive strength of design mix at 28-days was 31.6 MPa and the values of water-cement ratio and compaction factor were taken as 0.52 and 0.9, respectively. Actual compressive strengths of 150 mm size concrete cubes at different days of curing are reported in Table 2 , along with tensile stress-strain properties of other materials used in the test specimen.
Thermomechanically treated (TMT) bars were used as longitudinal reinforcement in various frame members of test specimen. TMT bars were also used as shear reinforcement in the footing, whereas high-strength wires were used as shear reinforcement in beam and columns. For wires, a higher yield strength and smaller ultimate strain were observed as compared to TMT bars, as shown in Figure 5a . Typical tensile stress-strain response of aluminum plates in both unannealed and annealed conditions is shown in Figure 5b . Yield strength of rebars and aluminum plates was considered as the proof strength, i.e., stress corresponding to 0.2% strain level. The annealing of aluminum plates reduced the yield strength by 45% and increased the ultimate strain by 36.5%. Rolled steel sections used for steel cage and shear collector beam were made of mild steel with specified yield strength of 250 MPa. 
TEST SET-UP AND LOAD-TRANSFERRING ASSEMBLIES
An MTS hydraulic actuator of 250 kN capacity and 250 mm stroke was used to apply cyclic lateral load at RC beam level of the test specimen. The actuator was supported by a reaction frame firmly held to the laboratory strong floor (Figure 1 ). Two rolled steel channel sections, i.e., Indian Standard ISLC 100@ 77.5 N / m (BIS 1964), were placed on top and bottom of the slab to help transfer lateral load to the test frame. RC footing of the specimen was held firmly to the laboratory strong floor using 45 mm diameter high-strength studs. The specimen was also laterally supported to prevent any out-ofplane movement using four stiff triangular vertical frames firmly held to the laboratory floor. Angle sections connecting two vertical frames on each side of the specimen served as guide beams for three roller bearings at the slab level. This arrangement not only restrained the out-of-plane movement but also facilitated nearly friction-free in-plane movement of the test frame.
The connection of steel cage to the RC footing was designed for the maximum moment expected to develop at collapse mechanism of the strengthened frame. Base plates of size 250 mmϫ 250 mm were attached to the footing using 20 mm diameter anchor bolts ( Figure 6 ). These bolts were perfectly bonded to the hardened concrete of footing using 2:1 (hardener: resin) mix epoxy mortar. Rib plates of size 100 mmϫ 100 mm ϫ 12 mm were welded to the end battens of steel cage and the base plates on both sides of columns. In addition, a rib plate of larger size 150 mmϫ 150 mmϫ 12 mm connecting the end batten and base plate was placed between smaller rib plates on one side of both columns for the connection of braces to the RC footing. The main advantage of this scheme is that all connections are steel-to-steel except the base plate to footing connection, which makes it simpler and faster to install.
INSTRUMENTATION
The instrumentation used in the slow-cyclic testing of the test frame consisted of (a) load cell and displacement transducer installed in the actuator, (b) linear variable differential transformers (LVDTs), and (c) quarter-bridge electrical resistance strain gauges. Locations of strain gauges and LVDTs in the test specimen are shown in Figure 7 . The load cell and displacement transducer in the actuator measured the applied lateral load and lateral displacement of the west end of beam, whereas the displacement of the east end of beam was measured by means of LVDTs. Three LVDTs were used to measure the lateral displacements of each column. In addition, two more LVDTs were used on both sides of the footing to monitor any sliding of the base of specimen. Several strain gauges were fixed to the longitudinal reinforcements of RC members, the bracing members, and the Al-SYD to monitor the state of strain at different drift levels. 
LOADING HISTORY
The gravity load on the test frame was simulated using sand bags and a pressure of 7.3 kPa was applied on the slab. Displacement history considered in the present study consisted of reversed cyclic lateral displacements as per ACI 374.1-05 (2006) provisions. Story drift is defined as the ratio of story displacement to the story height measured from the footing top to the centerline of RC beam. As shown in Figure 8 , the displacement history consisted of three repetitive cycles of story drifts of magnitude 0.20%, 0.35%, 0.50%, 0.75%, 1.10%, 1.40%, 1.75%, 2.20%, 2.75%, and 3.50%. One cycle of smaller story drift is applied before proceeding to repetitive cycles of the next higher drifts. The 3.5% drift limit is considered as satisfying criteria for the test specimen as suggested in ACI 374.1-05 (2006) because, in general, conventional moment resisting RC frames failed to achieve story drift of 3.5% on a consistent basis.
EXPERIMENTAL RESULTS

NATURAL FREQUENCY AND INITIAL STIFFNESS
Forced-vibration tests were carried out to study variation in natural frequency and lateral stiffness of the test frame with various strengthening elements. An electrodynamic shaker (Make: Electro-seis, USA) was placed at center of the slab to excite the test frame at low-strain level. The response of test frame was measured using a ranger seismometer (Make: Kinemetrics, USA). The excitation frequency was varied from 1 Hz to 20 Hz in an increment of 0.5 Hz. Figure 9a shows the velocity response of the test specimen at different stages of strengthening. The test frame strengthened only with steel caging showed an increase of natural frequency by 9% as compared to the RC (bare) frame, whereas the corresponding increase for the test frame strengthened with both steel caging and Al-SYD was about 45% (Table 3) . A minor increase in equivalent damping was also observed at both strengthening stages of the test frame for low-strain excitation levels caused by the electro-dynamic shaker.
The lateral stiffness of test frame at different stages of strengthening was predicted using measured values of natural frequency and estimating the portion of total mass par- ticipating in the excitation. The excited mass of RC frame was assumed as the sum of (a) one-third mass of columns, (b) total mass of slab and beam, and (c) applied load due to sand bags. Further, the additional masses of steel cage, collector beam, and Al-SYD were considered for the test frame at the respective strengthening stages. Table 3 summarizes the excited mass considered in the present study and the values of lateral stiffness of test frame at different stages of strengthening. The increase in lateral stiffness of the test frame strengthened only with steel cage was about 15% as compared to the RC (bare) frame and this increase can be neglected for design purposes. On the other hand, the corresponding increase in lateral stiffness was about 120% for the frame strengthened with both steel caging and Al-SYD.
In addition to forced-vibration tests, load-controlled slow-cyclic tests were also conducted for a peak lateral load of ±5 kN to study variation in initial lateral stiffness of the test frame. As shown in Table 3 , values of initial lateral stiffness of the test frame with various strengthening elements matched well with the respective values observed in forced-vibration tests. 
HYSTERETIC BEHAVIOR
A displacement-controlled slow-cyclic test at higher story drift levels was carried out for the test frame strengthened with both steel caging and Al-SYD. As shown in Figure  10a , both RC beam and strengthened columns did not show any major damage even up to 3.5% story drift. Initially, some minor shear and flexural cracks in the cover concrete were observed in beam-column joints on both sides of the frame at a story drift of 1.0% as shown in Figure 10b . However, these cracks did not extend at the higher drift levels due to shear yielding of web panels of the Al-SYD. As expected, braces and collector beam of the strengthened frame did not show either yielding in tension or buckling under compression. Moreover, the behavior of connections of steel cage and braces to the RC footing was satisfactory as the premature failure due to yielding of plates, failure of welding, pull out of anchor bolts, etc. was not observed even up to 3.5% story drift. As desired, shear yielding of web plates and the buckling of stiffeners of the Al-SYD was observed, which enhanced the energy dissipation potential of the strengthened frame.
Linear elastic behavior of the strengthened frame was observed up to 0.35% story drift and the opening of hysteretic loops was observed at a lateral load of 75 kN at 0.5% story drift indicating the initiation of inelastic behavior. The higher lateral stiffness of the strengthened frame was observed in first cycle of each excursion levels at the larger story drifts, which was stabilized in subsequent repetitive cycles after some initial adjustments. However, the magnitude of lateral load at any excursion level did not change with repetitions of displacement cycles and continued to increase at the higher story drift levels indicating significant strain-hardening behavior of the strengthened frame, as shown in Figure 11a . The maximum values of lateral load carried by the frame at story drift of 3.5% were 213.9 kN, and −218.1 kN in the pull (west) and the push (east) directions, respectively. 
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It is reasonable to assume that total lateral load carried by the strengthened frame is the algebraic sum of lateral loads carried by the Al-SYD and the test frame with strengthened columns. The lateral load carried by Al-SYD can be considered as the component of brace force along the direction of story drift. Thus, the contribution of steel cage to lateral load carried by the test frame at any drift level was computed by deducting the horizontal component of brace forces from the overall lateral load carried by the test frame strengthened with both Al-SYD and steel caging as shown in Figure  11b . The maximum contribution of the steel cage was observed to be one-third (70 kN at 3.5% story drift) of the total resistance offered by the test frame strengthened with both Al-SYD and steel caging. Due to this minor role played by the steel caging in load sharing with the Al-SYD, the steel caging can be restricted only to critical regions, such as column ends.
BEHAVIOR OF BRACES
Brace axial force due to lateral displacement of the strengthened frame was obtained by multiplying the cross-sectional area of brace with average value of axial stress determined from the strain gauge data at each story drift level. The yield strength of braces was computed as 259.4 kN for sectional area of 564 mm 2 and the actual yield stress of 460 MPa, whereas the buckling strength was determined as 162.7 kN, for slenderness ratio of 65.2 taking effective length factor as 0.9. Figure 12 shows axial load carried by the braces at different levels of story drift. As expected, both braces of the strengthened frame exhibited elastic behavior and the observed maximum axial force of 100 kN resisted at 3.5% story drift was smaller than their yield and buckling strengths.
BEHAVIOR OF COLLECTOR BEAM
The bending moment exerted on the collector beam was computed from the state of strain measured using strain gauges fixed at two sections on the bottom flange, each at a distance of 250 mm from the mid-section of Al-SYD. Sections to the left and the right of the Al-SYD as shown in Figure 6 are referred as the west and the east sections, respectively. Under the action of lateral load, the collector beam deformed in double curvature and behaved elastically up to story drift of 3.5% as the maximum value of strain measured in the flanges were less than the nominal yield strain corresponding to yield stress of 250 MPa.
As shown in Figure 13a , maximum values of bending moment in the collector beam were computed as 6.8 kNm and 15.6 kNm, respectively, in push and pull directions of cyclic loading at 3.5% story drift. The observed maximum bending moment for the collector was about 56% of its plastic moment capacity of 26.6 kNm. At smaller drift levels, bending moment on the collector beam was symmetric in both directions of lateral loading; however, significant difference was noted at larger drift levels beyond 1.4%, when the vertical displacement of collector beam was restrained by the RC beam after free movement through the initial gap, as shown in Figure 13b . 
LATERAL STIFFNESS
The initial lateral stiffness for the RC frame and the frame strengthened only with steel caging were about 40% and 46%, respectively, of the strengthened frame with steel caging and Al-SYD, indicating significant contribution of braces and Al-SYD to overall lateral stiffness of the strengthened frame. As shown in Figure 14 , lateral stiffness of the strengthened frame reduced at a very high rate up to story drift of 1.0% beyond which the reduction was very negligible. At the end of cyclic excursion level of 3.5% story drift, stiffness of the strengthened frame was about 25% of its initial value of 18.2 kN/ mm.
The actual and residual stiffness of the strengthened frame at different drift levels is also compared in Figure 14 . Residual stiffness of the frame was obtained from the maximum lateral load and the story displacement measured during small cyclic excursion levels that follow three repetitive cycles of larger drift levels as per the displacement history shown in Figure 8 . At the initial drift levels, significant difference was noted between actual and residual stiffness. However, this difference reduces with the increase in story drift levels and beyond 1.75% story drift, the residual stiffness of the strengthened frame was nearly equal to its actual stiffness.
STATE OF STRAIN IN REBARS AND ANGLES
The stress levels in column rebars (i.e., SG #1 and #4) placed on the same face of the west column were well below the yield limit of 420 MPa as shown in Figure 15a . On the other face of the west column, rebars (i.e., SG #2 and #3) experienced larger stress levels, and the rebar corresponding to SG #2 reached the yield limit. Furthermore, strain gauges on the angle sections of the west column reached the yield strain level corresponding to nominal yield of 250 MPa for angles. The lateral restraint provided by the steel cage to the dilation of column concrete, in addition to the general bending resistance, probably caused the steel cage to experience larger strains. Rebars in the east column, away from the actuator, did not reach the yield limit in either direction of lateral loading as shown in Figure 15b . However, steel angles of the east column reached their yield strength limit at a story drift of 2.75%. Moreover, strain gauges in the steel cage of east column measured smaller strains as compared to those in the west column.
BEHAVIOR OF AL-SYD
Shear force transferred to the Al-SYD is equal to the algebraic sum of horizontal components of brace axial forces, which divided by the total area of web plate provides an estimate of shear stress in Al-SYD panels. The shear stress-shear strain response of the Al-SYD at different story drift levels is shown in Figure 16 . Full and stable hysteretic loops were observed with significant strain-hardening behavior up to 2.75% story drift. The yielding of web plates of Al-SYD was observed at 0.25% story drift corresponding to a shear stress value of 26.7 MPa. The maximum values of shear stress and shear strain exhibited by the Al-SYD were about 85.5 MPa and 19.5%, respectively, at 2.75% story drift. The maximum value of lateral load carried by the device at 3.5% story drift was about 150 kN, which corresponds to shear stress of 92.5 MPa. However, shear strain at 3.5% story drift level could not be determined due to slippage of attachments for LVDTs.
The energy dissipation potential of Al-SYD primarily depends on inelastic shear deformation of web panels without premature shear buckling. As expected, both web panels of the Al-SYD did not show any sign of buckling even up to story drift of 3.5%. However, bending of flange plates observed at larger story drift levels suggested some rocking of the Al-SYD. As shown in Figure 17a , fracture of flange plates was also observed near the bolt hole and along the weld line at the interface of plates. This type of failure may have reduced the effective restrain to the web plate and allowed its rigidbody movements. In addition, the bearing failure of bolt holes was noted in both flanges of the Al-SYD resulting in elongated holes as shown in Figure 17b . This may have occurred as the harder steel bolts 'bite' into soft aluminum flange of the Al-SYD. The use of thicker flange plates and proper welding of aluminum plates may delay such local failures resulting in even better energy dissipation potential for the Al-SYD. Due to these connection-related problems at the story drift of 3.5%, the slow-cyclic testing of strengthened frame was stopped at this drift limit.
ENERGY DISSIPATION AND DAMPING
The total energy dissipated at any drift level by the strengthened frame and the Al-SYD was calculated as the average area of hysteretic loops enclosed in three cycles of displacement excursion and plotted as shown in Figure 18a . The maximum value of energy dissipated by the frame per cycle was found to be 8.5 kNm at story drift of 3.5%. The energy dissipation response of the strengthened frame closely followed that of the Al-SYD, which confirmed that the major portion of total dissipated energy was due to inelastic shear deformation of the Al-SYD as shown in Figure 18b .
At smaller drift levels, the contribution of Al-SYD to the overall dissipated energy was very small, but significant contribution was noted at larger story drifts. At 1% story Figure 17 . State of the Al-SYD after the end of testing at 3.5% story drift level: (a) fracture in flange plates and (b) elongation of bolt-hole due to bearing failure drift, the contribution of Al-SYD to the overall dissipated energy was about 50%. However, due to slippage in attachments for LVDTs and connection-related problems of the Al-SYD, the amount of energy dissipated by the Al-SYD appears to be somewhat overestimated for story drifts greater than 2%.
The equivalent viscous damping potential of the strengthened frame was calculated from the observed energy dissipation as per FEMA 368 provisions (BSSC 2001). As summarized in Table 4 , the equivalent damping of the strengthened frame varied from 3.81% at 0.2% story drift to 12% at 3.5% story drift, which indicates significant increase in damping potential over that of the RC (bare) frame for which the equivalent damping of 2.4% was obtained from the forced vibration test. 
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COMPARISON WITH ANLAYTICAL PREDICTION
The observed lateral strength of strengthened frames was compared with expected design values using a simplified analytical model as shown in Figure 19a . Section capacities of RC beam and columns were determined using stress-strain relationships for reinforcement and concrete as specified in Indian Standard code IS:456 (BIS 2000) and shown in Figures 19b and 19c . Considering actual material properties, moment capacities of RC column and beam section were found to be 19.3 kNm, and 24.7 kNm, respectively. However, the moment capacity of strengthened column was determined considering the confinement of the concrete due to external steel cage using a theoretical model proposed by Nagaprasad (2005) . The procedure for determining confined compressive strength of column concrete is summarized in the Appendix and it was calculated as 48.1 MPa for the concrete of unconfined compressive strength of 33.9 MPa. Using the confined concrete strength, the moment capacity of strengthened column was computed as 33.5 kNm, by summing moment capacities of the RC column section and the steel cage.
The lateral strength of the frame strengthened with steel cage and Al-SYD is sum of the lateral strength of the frame with steel cage strengthened columns and the shear strength of Al-SYD. For sway-type mechanism with plastic hinges in beams and columns, lateral strength of the RC bare and strengthened frames was calculated (Table 5) . It should be noted that while the existing RC (bare) frame was strong beam-weak column system, both strengthened frames became more desirable strong column-weak beam system. The observed lateral strength at story drift of 3.5% for strengthened frames closely matched with the expected design values. Since the complete collapse of the frame strengthened with both Al-SYD and steel cage was not observed at 3.5% story drift, the frame was capable of carrying more lateral load because of strain-hardening behavior of the Al-SYD.
CONCLUSIONS
A novel strengthening scheme employing column steel caging and aluminum shear yielding damper (Al-SYD) as energy dissipation device was proposed to significantly improve the seismic performance of nonductile RC frames. The main advantages of the proposed scheme are: (a) the minimal disturbances to the existing RC frame members, (b) mostly steel-to-steel connections that can be easily implemented and (c) significant enhancement in strength, stiffness and energy dissipation potential of deficient frames. A 1:2.5 reduced scaled model of nonductile single-story RC frame strengthened as per the proposed scheme was experimentally investigated under combined gravity load and reversed-cyclic lateral displacement.
The strengthened frame exhibited full and stable hysteretic loops with complete absence of pinching even up to story drift of 3.5%, with significant increase in lateral strength and stiffness of the nonductile RC frame. Moreover, full and stable hysteretic loops associated with significant post-yield strain-hardening behavior was observed in the Al-SYD panels indicating excellent energy dissipation through hysteresis. A five times increase in equivalent damping potential of the strengthened frame was observed, which helped reduce inelastic demand and, hence, damage in primary RC members up to 3.5% story drift. Due to minor role played by the steel cage in load sharing with the Al-SYD, it is suggested that the steel caging can be limited only to critical regions, such as, column ends. Further, the proposed load-transferring mechanism and related connections showed no sign of failure and both braces and shear collector beam of the strengthening system behaved elastically up to 3.5% story drift. A simple analytical model based on collapse mechanism was able to predict the lateral strength of strengthened frame with acceptable accuracy.
APPENDIX
In this study, the compressive strength of concrete confined by external steel cage was estimated using a procedure proposed by Nagaprasad (2005) , which is quite similar to the confinement model proposed by Mander et al. (1988) for concrete confined by rectangular hoops. The effective confinement area in plan and elevation of the column was determined by assuming a parabolic arching action of confining stresses between The confined compressive strength of concrete was obtained using the general solution of multi-axial failure criterion developed by Mander et al. (1988) . For the computed values of effective confining stresses 2.3 MPa in both directions, the confining factor, k for the column concrete was determined as 1.42. Thus, confined compressive strength of concrete for the strengthened column, f cc = kf ck = 48.1 MPa.
